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Abstract: The oxidation behaviors of the Ni-22Cr-14W-2Mo superalloys with various La contents were investigated at 1 000 °C and 
1 100 °C up to 500 h. The experimental results show that the oxidation resistance is improved by La addition. The mechanism of the 
reactive-element effect (REE) exhibits some difference at various oxidation temperatures. The REE is dependent on the solutionized 
La content when the alloy is oxidized at 1 000 °C. The dispersed LaCrO3 segregates on the grain boundaries of Cr-oxides, and hence 
the diffusion of metallic ions, e.g., Mn2+ and Cr3+, are prevented. The oxidation resistance decreases with the increase of La content. 
However, the REE ascribes not only to the solutionized La, but also to the La-Ni intermetallic phases, when the alloy is oxidized at  
1 100 °C. The oxidation resistance is influenced by two effects: firstly, the formation of the dispersed La2O3 from the solutionized La 
on the grain boundary of Cr-oxides reduces the oxidation rate, and secondly, the aggregation of the La-O oxides from the large 
amount of La-Ni phases accelerates the oxidation process. The alloy with 0.026% La (mass fraction) exhibited excellent oxidation 
resistance at 1 100 °C. 
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Ni-based superalloy with superior mechanical 
performance, surface stability, and corrosion resistance, 
has been widely acknowledged to be the excellent 
candidates as base materials for hot components, e.g., hot 
parts of aerospace turbine engines [1−2]. Ni-22Cr-14W- 
2Mo superalloy, with high amount of Cr, W, and Mo has 
been well developed. Generally, due to high Cr content, 
the oxidation resistance of Ni-based superalloy is 
dependent on the selective oxidation of Cr through the 
formation of a protective Cr2O3 [3]. However, with the 
development of aeronautic industry, the hot components 
are exposed to an extremely corrosive environment. The 
protective Cr2O3 films can easily crack and spall due to 
thermal stresses or grain growth at elevated temperature 
exposure for a long time [4]. Therefore, the oxidation 
resistance of the superalloy at the temperatures above   
1 000 °C is expected to be improved. 
It was reported that the rare earth (RE) elements, 
such as La, Y, Ce, and their oxides can be used for 
reducing the oxidation rate of the superalloys [5]. The 
effect is called reactive-element effect (REE) which have 
been recently paid more attention to. Various 
mechanisms was put forward, such as a modification of 
the diffusion mechanism, a reduction of vacancies 
condensation at the interface, a formation of reactive 
element oxide inclusions trapping alloy impurities [6−7]. 
It is also found that the oxidation resistance cannot be 
improved by the excessive RE [8]. Therefore, the REE 
mechanism should be studied to explain the variation 
oxidation behaviors, especially at different oxidation 
temperatures. 
The oxidation behaviors of Ni-22Cr-14W-2Mo 
superalloys with different La contents exposed at 1 000 
°C and 1 100 °C for 500 h were investigated in the 
present study. The effects of temperature and La content 





Ni-22Cr-14W-2Mo superalloys were prepared by 
vacuum induction melting and electroslag remelting. The 
chemical compositions (mass fraction, %) of the testing 
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alloy are as follows: 21.99 Cr, 13.61 W, 2.00 Mo, 0.60 
Mn, 0.49 Al, 0.071 C, and the balance of Ni. The La 
contents (mass fraction, %) in the alloys are 0, 0.026, 
0.048, and 0.087, respectively. Hereafter, these alloys are 
abbreviated as 0.000 La, 0.026 La, 0.048 La, and 0.087 
La, respectively. 
The oxidation samples are plate type with a size of 
30 mm × 10 mm × 2 mm. Before being oxidized, the 
samples were polished using 600# SiC waterproof 
abrasive paper, and cleaned in alcohol, then dried at 
about 100 °C for 1 h. The samples were set in a box 
furnace in individual pre-annealed alumina crucibles and 
oxidized in static air at 1 000 °C and 1 100 °C up to 500 
h. Thermogravimetry was employed to measure the 
oxidation kinetics. The crucibles with samples were 
taken out of the furnace at different time intervals and 
weighed by Sartorius BS 224S electronic balance 
(accuracy of 10−4 g). A PW3040−60 X′Pert Pro MPD 
X-ray diffraction (XRD) instrument was performed to 
analyze the phase constitution using Cu Kα radiation with 
the scanning speed of 1 (°)/min. The morphologies of the 
oxide films were examined by OLYMPUS GX71 optical 
microscope (OM), OLYMPUS LEXT 3100 laser 
scanning confocal microscope (LSCM), and JEOL 7001 
field-emission scanning electron microscope (FE-SEM) 
with energy dispersive analytical X-ray spectrometer 
(EDX). The samples were electroplated with a thin Ni 
coating to protect the oxide films when observing the 




3.1 Oxidation kinetics 
Isothermal oxidation kinetics curves of Ni-22Cr- 
14W-2Mo superalloys with different La contents at    
1 000 °C and 1 100 °C are shown in Fig. 1. The oxidation 
behaviors of the alloys at 1 000 °C demonstrate low mass 
gains, and similarly followed the well known parabolic 
rate law. While at 1 100 °C, the oxidation curves are 
more complex and deviate from the parabolic rate law, 
indicating that the alloys possess inferior oxidation 
resistance. Mass gains are evident at initial stage but 
obvious mass loss is followed after 100 h. In addition, 
apparent oxide spalling is found when the alloys are 
oxidized at 1 100 °C. 
It is clear that the oxidation resistance of Ni-22Cr- 
14W-2Mo superalloy can be improved by La additions. 
The mass gains of the alloys with La additions at 1 000 
°C are much lower than those of the alloys without La, 
and tend to gradually decrease with the increase of the 
La content. While the mass gains of the alloys at 1 100 
°C are not liner with the La contents. The alloys with the 
improvement of oxidation resistance at 1 100 °C after 
long time oxidation (500 h) from the worst to the best are 
0.000 La, 0.087 La, 0.048 La, 0.026 La, respectively. 
 
 
Fig. 1 Oxidation kinetics curves of Ni-22Cr-14W-2Mo 
superalloys with different La contents at different temperatures: 
(a) 1 000 °C; (b) 1 100 °C 
 
3.2 Phase structure of oxides 
XRD patterns of the oxides surfaces on the alloys at 
1 000 °C and 1 100 °C are shown in Fig. 2, as well as the 
spalled oxides in crucibles at 1 100 °C. The results show 
that the protective oxide Cr2O3 and spinel MnCr2O4 are 
mainly oxides formed during the oxidation. Except those 
oxides, small amount of perovskite-type LaCrO3 is found 
in the oxides of the alloys with La at 1 000 °C, but not in 
those alloys oxidized at 1 100 °C. 
 
3.3 Surface morphology of oxides 
The surface morphologies of the alloys with 
different La additions at 1 000 °C are shown in Fig. 3. 
No spallation of the oxides is found during the oxidation 
and the grain size of surface oxides is finer and denser 
with the increase of the La addition. The alloy with 
0.087% La exhibits the most perfect surface 
microstructure with uniform fine oxides. Figure 4 shows 
the 3D LSCM morphologies of the alloys with different 
La additions at 1 000 °C. The oxide film of the alloys 
without La is fluctuant and rough, and it is more flat and 
smooth, with the increase of La content. 








Fig. 3 Surface morphologies of Ni-22Cr-14W-2Mo superalloys with different La contents at 1 000 °C for 200 h: (a) 0.000 La;     
(b) 0.026 La; (c) 0.048 La; (d) 0.087 La 
Fig. 2 XRD patterns of Ni-22Cr-14W-2Mo 
superalloys with different La contents at different 
temperatures for different time: (a) 1 000 °C for 
500 h; (b) 1 100 °C for 500 h; (c) Tripped oxide 
powder of 0.000 La samples at 1 100 °C for 25 h





Fig. 4 3D LSCM micrographs of Ni-22Cr-14W-2Mo alloys with different La contents at 1 000 °C for 500 h: (a) 0.000 La; (b) 0.026 
La; (c) 0.048 La; (d) 0.087 La 
 
Figure 5 shows the outer layers of the oxides at    
1 100 °C. It can be noticed that oxides for the alloy 
without La addition are almost spalled, whereas only 
parts of the oxides for the alloys with La additions are 
spalled. This indicates that the scale spalling resistances 
can be improved by the addition of La. Furthermore, 
large nodular-like protrusions on the surface of the alloys 
with 0.048% La and 0.087% La are so evident that the 
surfaces of the oxides are wavelike, as shown in Figs. 5(c) 
and (d). The surface morphology of the alloy with 
0.026% La shows the best one with smoother 
microstructure and finer grain size. Figure 6 shows the 
3D LSCM morphologies of the alloys with different La 
contents at 1 100 °C. It can also be seen that the oxide 
films of the alloy with 0.026% La are the flattest. 
However, when the La content is higher than 0.026%, the 
oxide film becomes fluctuate and can be easily spalled 
out. 
 
3.4 Cross-sectional morphologies of oxides 
The cross-sectional oxides morphologies of the 
alloys with different La contents are shown in Figs. 7 and 
8. The oxides are evidently divided into two layers. The 
inner layer is mainly fine and protective Cr2O3, and the 
outer layer is mainly loose and large size of MnCr2O4. 
The thickness of the oxide films decreases with La 
addition at 1 000 °C. While at 1 100 °C, the outer layers 
of the alloy without La are all spalled out, as shown in 
Fig. 8(a). It is well known that the outer layer of the 
MnCr2O4 is easily debonded from the inner layer of 
Cr2O3 because of different thermal coefficient 
expansions [9]. The adhesion of oxide film to the 
substrate of the alloy is improved by the addition of La. 
Only part of the outer oxides of the alloy with 0.026% La 
are spalled out, and some spalled MnCr2O4 oxides can 
still be seen in the protective Ni coatings, as shown in  
Fig. 8(b). The thicknesses of the oxides for different 
alloys are hard to be compared because of different 




4.1 Temperature effect 
The alloys with different La additions show much 
more inferior oxidation resistance at 1 100 °C than those 
at 1 000 °C. The reasons may be as follows. The 
diffusion of cations, e.g. Mn2+ and Cr3+, accelerates with 
the increase of the temperature. Furthermore, other 
cations except Mn2+ and Cr3+ can react with O2− if the 
oxidation temperature is higher. Figure 1(b) shows the 
mass loss during the oxidation at 1 100 °C, indicating 
that the volatile oxides form during the oxidation. In 






Fig. 5 Surface morphologies of Ni-22Cr-14W-2Mo superalloys with different La contents at 1 100 °C for 200 h: (a) 0.000 La;     
(b) 0.026 La; (c) 0.048 La; (d) 0.087 La 
 
 
Fig. 6 3D LSCM micrographs of Ni-22Cr-14W-2Mo alloys with different La contents at 1 100 °C for 500 h: (a) 0.000 La; (b) 0.026 
La; (c) 0.048 La; (d) 0.087 La 
 
general, the volatile WO3 oxides and MoO3 oxides in the 
high W and Mo content alloys form during the high 
temperature oxidation [10]. In the present alloys, high W 
and Mo contents result in the large amount of volatile 
WO3 oxides and MoO3 oxides, leading to inferior 
oxidation resistance. 
In addition, the effect of La content on the oxidation 
resistance at different temperatures shows variation 
characteristics. The improvement of oxidation resistance 
at 1 000 °C by La additions is gradually enhanced with 






Fig. 7 Cross-sectional morphologies of Ni-22Cr-14W-2Mo alloys with different La contents at 1 000 °C for 500 h: (a) 0.000 La;   
(b) 0.026 La; (c) 0.048 La; (d) 0.087 La 
 
 
Fig. 8 Cross-sectional morphologies of Ni-22Cr-14W-2Mo alloys with different La contents at 1 100 °C for 500 h: (a) 0.000 La;   
(b) 0.026 La; (c) 0.048 La; (d) 0.087 La 




the increase of La content, whereas the alloy with 
0.026% La oxidized at 1 100 °C shows the lowest mass 
gain and finest structure of the oxide film. While the 
improvement of oxidation resistance of the alloys with 
higher La content, e.g. 0.048% and 0.087%, decreases. 
Therefore, the mechanisms of REE on oxidation can be 
considered to be different at various testing temperatures. 
Figure 9 shows different types of La-rich phases in the 
alloys with different La contents before oxidation. La-S 
phases with small size mainly exit in the alloy with 
0.026% La. However, a large amount of La-Ni phases 
appear when the La content is higher than 0.026%. 
Usually, La-S phases have high melting-point so that 
they are stable at high temperature [11], otherwise, La-Ni 
intermetallic phases may dissolve if the chemical bonds 
of La-Ni break, or they are directly oxidized. Figure 10 
shows the changes of La-Ni phases after oxidation at   
1 000 °C and 1 100 °C, respectively. The results indicated 
that the La-Ni phases are oxidized at 1 100 °C, but not at 
1 000 °C. 
 
4.2 Mechanism of REE of oxidation at different 
temperatures 
The parabolic oxidation kinetics curves, as shown in 
Fig. 1(a), illustrate that the oxidation of the alloys at    
1 000 °C is diffusion controlled associated with the 
migration of ions. The cations Cr3+ and Mn2+ diffuse 
outwards and the anion O2− diffuses inward through the 
short circuit grain boundaries of oxide films. For the 
testing alloys, small amount of La dissolves in the matrix. 
Since the atom radius of La (18.77 nm) is larger than that 
of Ni, the rare earth La element first segregates at the 
oxide-metal interface and then starts to diffuse outward 
as a consequence of the chemical potential gradient 
across the oxide film. The diffusivity of La is very low if 
the oxidation temperature is not high enough. It has been 
proved by many researchers that once the concentration 
of La exceeds a certain value, La3+ ion can segregate or 
La oxides precipitate along the grain boundaries of the 
oxides, thus retarding the overall grain boundary 
transport of cations [12]. La is confirmed to form 
perovskite phase (oxide phase LaCrO3) at 1 000 °C by 
XRD analysis, as shown in Fig. 2(a). Therefore, for the 
testing alloys with La, it is the dispersion of small phases 
LaCrO3 on the grain boundaries of Cr-oxides, that can 
reduce the growth rate of Cr-oxides by inhibiting Cr3+ 
diffusion, and the Cr-oxide grain size is refined, as 
shown in Fig. 3. Therefore, the REE is dependent on the 
solutionized La content when the alloy is oxidized at   
1 000 °C. And hence the oxidation resistance gradually  
 
 
Fig. 9 SEM images of Ni-22Cr-14W-2Mo alloy with 0.026% La (a) and 0.087% La (c), (b) and (d) EDX analyses of La-rich phases 
in (a) and (c), respectively 





Fig. 10 SEM images of Ni-22Cr-14W-2Mo alloy with 0.087% La at 1 000 °C for 10 h (a) and 1 100 °C for 5 h (c); (b) and (b) EDX 
analyses of La-riched phases in (a) and (b), respectively 
 
reduced with the increase of the La content. 
When the alloys are oxidized at 1 100 °C, the La-Ni 
intermetallic phases are no longer stable and can be 
oxidized into La-O oxides, as shown in Figs. 10(c) and 
(d), which can accelerate the oxidation process. No 
LaCrO3 can be found by the result of XRD when the 
alloy is oxidized at 1 100 °C. The reason may be that 
La2O3 is more stable than LaCrO3, and LaCrO3 can 
easily decompose at high temperature and low oxygen 
partial pressure [13]. La2O3 cannot be detected by XRD 
since the strongest X-ray peak of La2O3 has the same 2θ 
angle with MnCr2O4. Therefore, the REE is not only 
dependent on the solutionized La, but also on the La-Ni 
intermetallic phases. On one hand, the dispersed and 
small La2O3 from solutionized La can reduce the 
oxidation rate and refine the grain size of Cr-oxides; on 
the other hand, the aggregated oxides (La-O oxides) from 
the large La-Ni phases increase the whole oxidation. 
Based on the two reasons discussed above, the alloys 
with 0.048% La and 0.087% La with more La-Ni phases 
show worse oxidation properties than the alloys with 
0.026% La. 
Since trance amount of La could not be detected 
with statistical significance by EDAX spectra, the 
suspected enrichment levels for La solutionized, LaCrO3 
or La2O3 on the grain boundary of oxides must be very 
low. Further work is planned using a field-emission gun 
TEM coupled with spectrum imaging to investigate the 




1) The oxidation resistances of Ni-22Cr-14W-Mo 
superalloys at 1 000 °C and 1 100 °C are effectively 
improved by La addition. 
2) The improvement of oxidation resistance of the 
Ni-22Cr-14W-Mo superalloys at 1 000 °C by addition of 
0.026%, 0.048%, and 0.087% La increases with the 
increase of the La content. However, at 1 100 °C, the 
alloy with 0.026 % La has the best oxidation resistance. 
3) REE exhibits some difference at various 
oxidation temperatures. At 1 000 °C, the REE is 
dependent on the solutionized La content. Dispersed 
LaCrO3 segregating on the grain boundaries of Cr-oxides 
can prevent the diffusion of metallic iron. However, at  
1 100 °C, the REE not only ascribes to the solutionized 
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La, but also to the La-Ni intermetallic phases. The 
aggregated La-O oxides from the large amount of La-Ni 
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